Aim: Mangiferin is glucosylxanthone extracted from plants of the Anacardia ceae and Gentianaceae families. The aim of this study was to investigate the effects of mangiferin on Nrf2-antioxidant response element (ARE) signaling and the sensitivity to etoposide of human myeloid leukemia cells in vitro. Methods: Human HL-60 myeloid leukemia cells and mononuclear human umbilical cord blood cells (MNCs) were examined. Nrf2 protein was detected using immunofluorescence staining and Western blotting. Binding of Nrf2 to ARE was examined with electrophoretic mobility shift assay. The level of NQO1 was assessed with real-time RT-PCR and Western blotting. DCFH-DA was used to evaluate intracellular ROS level. Cell proliferation and apoptosis were analyzed using MTT and flow cytometry, respectively. Results: Mangiferin (50 µmol/L) significantly increased Nrf2 protein accumulation in HL-60 cells, particularly in the nucleus. Mangiferin also enhanced the binding of Nrf2 to an ARE, significantly up-regulated NQO1 expression and reduced intracellular ROS in HL60 cells. Mangiferin alone dose-dependently inhibited the proliferation of HL-60 cells. Mangiferin (50 mol/L) did not attenuate etoposide-induced cytotoxicity in HL-60 cells, and combined treatment of mangiferin with low concentration of etoposide (0.8 μg/mL) even increased the cell inhibition rate. Nor did mangiferin change the rate of etoposide-induced apoptosis in HL-60 cells. In MNCs, mangiferin significantly relieved oxidative stress, but attenuated etoposide-induced cytotoxicity. Conclusion: Mangiferin is a novel Nrf2 activator that reduces oxidative stress and protects normal cells without reducing the sensitivity to etoposide of HL-60 leukemia cells in vitro. Mangiferin may be a potential chemotherapy adjuvant.
Introduction
More than 40% of the anticancer drugs approved by the US Food and Drug Administration (FDA) have been reported to induce oxidative stress, which is a mechanism for killing cancer cells. However, anticancer drugs can also cause oxidative stress-mediated non-target tissue injury, which is a significant side effect of chemotherapy and decreases the quality of life in patients [1] . Moreover, certain widely used and effective anticancer drugs, particularly alkylating agents and topoisomerase II inhibitors, can also induce oxidative DNA damage, which has been proven to be associated with the development of secondary malignancies, including acute myeloid leukemia (AML) [2, 3] . Therefore, reducing anticancer drug-induced oxidative stress may contribute to relieving side effects and preventing the formation of chemotherapy-associated secondary malignancies.
A major mechanism of the cellular defense against oxidative stress is the activation of NF-E2-related nuclear factor 2 (Nrf2)-antioxidant response element (ARE) signaling, which controls the expression of many detoxification and antioxidant enzymes, including NAD(P)H:quinone oxidoreductase 1 (NQO1) [4] [5] [6] . It has been well established that Nrf2 activity is controlled in part by the cytosolic protein Kelch-like ECHassociated protein 1 (Keap1), a known repressor of Nrf2. However, the mechanisms by which Keap1 acts to repress Nrf2 activity are not fully understood. A number of studies recently corroborated that Keap1 represses Nrf2 activity by www.nature.com/aps Zhang BP et al Acta Pharmacologica Sinica npg promoting its ubiquitylation and degradation in non-stressed cells. In contrast, increased Nrf2 stability results in the accumulation of Nrf2 protein and subsequent activation of Nrf2-ARE signaling in stressed cells [4] . In addition to oxidative stress, it had been reported that certain types of synthetic and natural chemicals, including tert-butylhydroquinone (t-BHQ), 3H-1,2-dithiole-3-thione (D3T), oridonin, and ajoene [7] [8] [9] [10] , can activate Nrf2-ARE signaling by increasing the stability of the Nrf2 protein.
Recent studies have suggested that the activation of Nrf2-ARE signaling can confer protection to normal cells or tissues against anticancer drugs. Eriodictyol-7-O-glucoside, a flavonoid isolated from Dracocephalum rupestre, has been reported to activate the Nrf2 signaling pathway and significantly decrease cisplatin-induced toxicity in the human renal mesangial cell (HRMC) line [11] . In vitro and animal experiments have also demonstrated that ebselen activates the Nrf2-ARE signaling pathway, ultimately preventing free radical stress due to cisplatin and protecting auditory sensory hair cells [12] . In an animal model of adriamycin-induced cardiac fibrosis, 3,3'-diindolymethane both activated Nrf2 in cardiac tissue and fibroblasts and exhibited a significant anti-fibrosis effect on cardiac tissue [13] . Nrf2-ARE signaling has also been identified as a potential target for inflammation-associated and chemical-induced carcinogenesis [14, 15] . However, Nrf2 also has a "dark side": the activation of Nrf2 by chemical compounds or an Nrf2 expression plasmid enhances the resistance of cancer cells to chemotherapeutic agents, whereas Nrf2 silencing increases the sensitivity of cancer cells to chemotherapy [16] [17] [18] [19] . Therefore, Nrf2 comprises an attractive target for preventing chemotherapy-associated side effects in normal cells and also a potentially powerful partner in cancer cells.
Mangiferin, 1,3,6,7-tetrahydroxyxanthone-C2-beta-d-glucoside, a type of xanthone derivative and C-glucosylxanthone, is a monomer compound extracted from plants of the Anacardiaceae and Gentianaceae families [20] . This natural compound has strong antiradical and antioxidant properties and also exhibits cardio-, hepato-, and neuroprotective activities in addition to a radioprotective activity [21] . Here, we demonstrate that mangiferin activated Nrf2-ARE signaling but did not increase the resistance to anticancer drugs in human HL-60 myeloid leukemia cells; therefore, mangiferin is a novel Nrf2 activator without a "dark side".
Materials and methods

Cell lines and reagents
The human HL-60 myeloid leukemia cell line was kindly provided by Prof Jian-feng ZHOU (Cancer Biology Research Center, Tongji Hospital, Wuhan, China) and maintained in RPMI-1640 medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA) at 37 °C in a humidified incubator containing 5% CO 2 in air.
Mangiferin (98% purity), dimethylsulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and Hoechst 33258 were purchased from Sigma-Aldrich (St Louis, MO, USA). Etoposide injection was obtained from Jiangsu Hengrui Medicine (Lianyungang, China). Mangiferin was initially dissolved in DMSO, stored at -20 °C, and then thawed on ice prior to use.
Isolation and culture of mononuclear human umbilical cord blood cells Samples of human umbilical cord blood (hUCB) were obtained, with informed consent, during normal full-term deliveries, a procedure that was approved by the Institutional Ethics Review Committee of Tongji Medical College, Huazhong University of Science and Technology. After removing the erythrocytes by using 6% hydroxyethyl starch, the mononuclear cells (MNCs) were isolated by Ficoll-Paque density gradient centrifugation. hUCB MNCs were cultured in a serum-free medium for hematopoietic stem cells (Gibco, Grand Island, NY, USA) supplemented with 2 mmol/L L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin in a humidified incubator containing 5% CO 2 at 37 °C.
Immunofluorescence staining HL-60 cells were seeded in a 6-well plate (1×10 6 per well) and incubated at 37 °C for 24 h. The cells were then incubated with 50 µmol/L mangiferin for 15 min, 1 h, 4 h, or 24 h, fixed with 4% paraformaldehyde, and carefully seeded on poly-Llysine-coated coverslips. The cells were permeabilized with 0.3% Triton X-100, blocked with 3% bovine serum albumin, and incubated with an anti-Nrf2 antibody (dilution of 1:100, Santa Cruz, TX, USA) overnight at 4 °C. The cells were then incubated with a fluorescein isothiocyanate (FITC)-conjugated goat-anti-rabbit antibody (Pierce, Rockford, IL, USA), and the nuclei were stained with Hoechst 33258. Confocal microscopy was performed, and images were captured using an Olympus IX71 laser-scanning confocal microscope system (Olympus, Tokyo, Japan) fitted with an AxioCam MRc color CCD (Zeiss, Thuringia, Germany). The images were analyzed using Olympus Fluoview Version 4.3 FV500 Tiempo software. Control cells were processed identically except omitting the mangiferin treatment.
Western blot HL-60 cells were seeded in a 6-well plate (2×10 6 per well) and incubated at 37 °C for 24 h. In time-response experiments, the cells were treated with 50 µmol/L mangiferin for 1, 4, or 24 h; in dose-response experiments, the cells were incubated with 50, 100, or 200 µmol/L mangiferin for 24 h. The cells were lysed, and the supernatants were collected after centrifugation at 15 000 r/min for 10 min at 4 °C. The protein concentrations were determined using a BCA protein assay kit (Pierce, Rockford, IL, USA). To explore whether Nrf2 in the nucleus increased after mangiferin treatment, HL-60 cells were seeded in a 6-well plate (2×10 6 per well) and treated with 50 µmol/L mangiferin for 4 h. The proteins in the cytoplasm and nucleus were extracted using a Nuclear Extract Popper kit (Pierce, Rockford, IL, USA). After denaturation, equal amounts of the protein extracts were separated by SDS-PAGE, followed by transfer onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked in phosphate-buffered saline (PBS) containing 5% non-fat milk for 1 h at room temperature. The blots were subsequently incubated with an anti-Nrf2 antibody or anti-NOQ1 antibody (SantaCruz, TX, USA) for 24 h at 4 °C, followed by washes and incubation with an HRP-labeled secondary antibody (Pierce, Rockford, IL, USA) for 2 h at room temperature. The blots were then incubated with an enhanced chemiluminescence (ECL) solution for 5 min, and the signals were detected using a chemiluminescence detection system (Bio-Rad, Hercules, CA, USA) or photographic film (Kodak, Rochester, NY, USA). Control cells were processed identically except omitting the mangiferin treatment.
Electrophoretic mobility shift assay (EMSA) HL-60 cells were seeded in a 6-well plate (2×10 6 per well) and treated with 50 µmol/L mangiferin for 4 h; control cells were processed identically except omitting the mangiferin treatment. Nuclear extracts were then prepared using a Nuclear Extract Popper kit (Pierce, Rockford, IL, USA). EMSA was performed using ARE consensus oligonucleotides (Beyotime Institute Biotechnology, Shanghai, China) end-labeled with biotin or not with biotin. The sequences of the doublestranded ARE oligonucleotides were as follows: 5'-ACT GAG GGT GAC TCA GCA AAA TC-3' and 3'-TGA CTC CCA CTG AGT CGT TTT AG-5'. The EMSA experiments were performed using 6% polyacrylamide gels in Tris-borate-EDTA buffer (45 mmol/L Tris-borate/1 mmol/L EDTA). Each EMSA reaction mixture contained 500 ng of poly(dI-dC), 1×LightShift EMSA kit binding buffer (Pierce, Rockford, IL, USA), 1×LightShift loading dye (Pierce, Rockford, IL, USA), an appropriate amount of DNA probe, and the protein preparation. A competition reaction was performed with a 200-fold excess of unlabeled probe. The EMSA gels were electroblotted onto nylon membranes, and the signals were detected using the LightShift Chemiluminescent EMSA kit (Pierce, Rockford, IL, USA) and BioMax film (Kodak, Rochester, NY, USA).
Real-time reverse transcription-polymerase chain reaction (realtime RT-PCR)
HL-60 cells were seeded in a 6-well plate (1×10 6 per well) and incubated at 37 °C for 24 h. For the time-response experiments, the cells were treated with 50 µmol/L mangiferin for 12 h or 24 h, and the cells were incubated with 50 µmol/L or 100 µmol/L mangiferin for 24 h for the dose-response experiments. Total RNA was isolated using RNAiso Plus (Takara Bio, Shiga, Japan), and 400 ng total RNA was reverse transcribed into cDNA using a one-step RT-PCR kit (Takara Bio, Shiga, Japan) according to the manufacturer's instructions. cDNA (2 µL) was amplified with the SYBR Green Universal PCR Master mix (Takara Bio, Shiga, Japan) in triplicate using a Real-time PCR System (Bio-Rad CFX96, Hercules, CA, USA). The NQO1 mRNA levels, as related to β-actin, were calculated using the Delta Ct (cycle threshold) method. The primers for real-time RT-PCR were designed and synthesized by Takara Bio (Shiga, Japan). Control cells were processed identically except omitting the mangiferin treatment.
Measurement of intracellular reactive oxygen species (ROS) production
To further investigate whether mangiferin relieved oxidative stress in HL-60 cells, the production of ROS was measured using 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA), a sensitive fluorescent probe for ROS detection. When DCFH-DA enters a cell, it is deacetylated by esterases to generate DCFH; DCFH then can be oxidized by ROS to produce highly fluorescent 2',7'-dichlorofluorescein (DCF) [22] . The HL-60 cells were seeded in a 6-well plate (5×10 5 per well), pre-incubated with or without 50 µmol/L mangiferin for 4 h, and treated with or without 20 µg/mL etoposide for 8 h. HL-60 cells without added mangiferin or etoposide served as the control. The cells were then treated with 20 μmol/L DCFH-DA for 20 min at 37 °C, harvested, washed with PBS 5 times, and viewed under a fluorescence microscope (TE2000-S, Nikon, Japan). The integral optical density (IOD) was detected using Image Pro Plus (IPP) software.
We next explored whether mangiferin could relieve the oxidative stress in hUCB MNCs. The cells were seeded in a 24-well plate (5×10 5 per well) and then treated as mentioned above for HL-60 cells. The cells were then harvested, washed with PBS 5 times, and viewed under a fluorescence microscope (TE2000-S, Nikon, Japan). IOD was detected using IPP software.
Cell proliferation assay HL-60 cells were seeded in a 96-well plate (5×10 3 per well) and incubated at 37 °C for 24 h. For the etoposide dose-response experiments, the cells were pre-incubated with or without 50 µmol/L mangiferin for 4 h and then treated with 0.8, 4, 20, 100, or 500 µg/mL etoposide at 37 °C for 24 h. For the mangiferin dose-response experiments, the cells were pre-incubated with 50 µmol/L or 100 µmol/L mangiferin for 4 h and then treated with 10 µg/mL etoposide at 37 °C for 24 h. In addition, we explored the cytotoxicity effect of a single mangiferin treatment in HL-60 cells, which were seeded and incubated as above and then treated with mangiferin (0, 50, 100, 200, or 400 µmol/L) for 24 h.
To examine whether mangiferin could relieve etoposideinduced cytotoxicity in normal hematopoietic cells, hUCB MNCs were seeded in a 96-well plate (1.0×10 4 per well), preincubated with or without 50 µmol/L mangiferin for 4 h, and treated with or without 20 µg/mL etoposide for 8 h. hUCB MNCs without added mangiferin or etoposide served as the control.
After the treatment, the plates were centrifuged at 2000 r/min for 20 min, the culture supernatant was removed, and the cells were washed twice with culture medium. The cells were then incubated with 5 mg/mL MTT (20 µL per well) at 37 °C for 4 h, and the supernatants were carefully removed after the plates were centrifuged. Lastly, DMSO was added (150 µL per well), and the optical density (OD) values were measured. The cell viability of hUCB MNCs was normalized to an untreated sample. The inhibition rate of the HL-60 cells Flow cytometry analysis HL-60 cells were seeded in a 6-well plate (1×10 6 per well) in the presence or absence of 50 µmol/L mangiferin. After 4 h, the cells were treated with 1 µg/mL or 2 µg/mL etoposide at 37 °C for 24 h. The cells were then harvested and washed twice with cold PBS. Apoptotic cells were stained with an AnnexinV-FITC/PI double-staining assay kit (KeyGEN Biotec, Jiamgsu, China) and analyzed by flow cytometry (BD LSR II, Franklin Lakes, NJ, USA). The apoptosis rate was calculated as AnnexinV-positive cells/total cells×100%.
Statistics
The results are expressed as the mean value±SD of three independent experiments. A two-tailed Student's t-test was used to determine the significance of the differences, and a difference was considered statistically significant when P<0.05. The IC 50 value was obtained with SPSS 17.0.
Results
Mangiferin increased the accumulation of Nrf2 protein in HL-60 cells To explore whether mangiferin activates Nrf2-ARE signaling in HL-60 cells, the accumulation of Nrf2 protein was examined by immunofluorescence staining and Western blotting. As shown in Figure 1A , immunofluorescence staining results demonstrated that the Nrf2 protein was located both in the nucleus and cytoplasm of non-treated cells. However, the Nrf2 protein concentration appeared to be higher in the cytoplasm than the nucleus, as the cytoplasmic green fluorescence (indicating Nrf2) was stronger in most cells. Both the nuclear and global Nrf2 protein levels increased in a time-dependent manner after mangiferin treatment. Consistent with the immunofluorescence staining results, the Western blot results ( Figure 1B and 1C ) also revealed that mangiferin enhanced the whole-cell accumulation of Nrf2 protein in a time-dependent and dose-dependent manner. As shown in Figure 1D1 and 1D2, Nrf2 protein in the cytoplasm increased after mangiferin treatment, though the difference was not significant; in contrast, mangiferin significantly increased the Nrf2 protein level in the nucleus compared to the non-treated cells. These results indicated that mangiferin enhanced the accumulation of Nrf2 protein in HL-60 cells, particularly in the nucleus. Mangiferin upregulated NQO1 expression in HL-60 cells NQO1, a downstream protein of Nrf2-ARE signaling, is one of the most important intracellular detoxification and antioxidant enzymes. Western blotting and real-time RT-PCR analyses were performed to detect the NQO1 protein and mRNA levels after mangiferin treatment. The real-time RT-PCR results showed that mangiferin treatment significantly enhanced NQO1 transcription in time-and dose-dependent manners in HL-60 cells, as shown in Figure 3A and 3B. Consistent with these results, the Western blot results also demonstrated the up-regulation of NQO1 expression by mangiferin in time-and dose-dependent manners, as shown in Figure 3C and 3D.
Mangiferin relieved oxidative stress in HL-60 cells
The effect of mangiferin treatment on intracellular oxidative stress was examined by DCFH-DA, a sensitive fluorescent probe for ROS detection. As shown in Figure 4 , etoposide stimulation increased intracellular ROS in HL-60 cells compared to the control. However, when the HL-60 cells were pre-incubated with mangiferin prior to etoposide incubation, intracellular ROS levels were lower than in the cells incubated with etoposide alone. Intracellular ROS levels were also significantly lower in HL-60 cells treated with mangiferin alone than in the cells without any treatment.
Mangiferin did not reduce the cytotoxicity of etoposide in HL-60 cells As shown in Figure 5A , when HL-60 cells were exposed to 0.8, 4, 20, 100, and 500 µg/mL etoposide for 24 h, the cell inhibition rates were 12.63%±1.3%, 61.8%±0.78%, 63.4%±1.5%, 76.2%±2.5%, and 99.2%±0.2%, respectively, and the IC 50 value was 6.32 μg/mL. However, when the cells were pre-incubated with 50 µmol/L mangiferin for 4 h prior to etoposide treatment, the cell inhibition rates were 17.0%±0.4%, 61.6%±2.6%, 67.2%±4.1%, 77.2%±2.2%, and 99.1%±0.3% (P=0.0052, 0.9185, 0.2033, 0.6164, and 0.6095 compared to the cells treated with etoposide alone), respectively, and the IC 50 value became 5.20 μg/mL. When the HL-60 cells were pre-incubated with 0, 50, and 100 µmol/L mangiferin for 4 h and then treated with 10 µg/mL etoposide for 24 h, the cell inhibition rates were 84.2%±3.3%, 84.2%±1.7%, and 82.1%±3.0%, respectively ( Figure 5B ). However, compared to the single-agent etoposide treatment, the cell inhibition rates were not significantly different when the cells were pre-incubated with mangiferin (P=0.9824 and 0.4449, respectively). As shown in Figure 5C , a single treatment of mangiferin also inhibited the proliferation of HL-60 cells in time-and dose-dependent manners.
Mangiferin did not decrease etoposide-induced apoptosis in HL-60 cells
As shown in Figure 6 , the apoptotic rates were 15.23%±7.96%
www.chinaphar.com Zhang BP et al Acta Pharmacologica Sinica npg and 21.97%±6.05% when the HL-60 cells were exposed to 1 and 2 µg/mL etoposide for 24 h, respectively. However, when the cells were pre-incubated with 50 µmol/L mangiferin for 4 h prior to etoposide treatment, the apoptotic rates were 17.27%±8.75% or 27.20%±6.76% and were not significantly different compared to the single-agent etoposide treatment groups (P=0.1410 and 0.1114, respectively).
Mangiferin relieved oxidative stress and improved cell viability in hUCB MNCs
As shown in Figure 7A1 and A2, a single treatment of mangiferin significantly reduced intracellular ROS in hUCB MNCs. Intracellular ROS were also apparently decreased when hUCB MNCs were pre-incubated with mangiferin prior to etoposide incubation in comparison to the cells incubated with etoposide alone. In addition, pre-incubation with mangiferin prior to 
Discussion
The results of the present study revealed that mangiferin activated Nrf2-ARE signaling and enhanced the expression of the antioxidant enzyme NQO1 in human AML HL-60 cells. Mangiferin was also shown to relieve etoposide-induced intracellular oxidative stress. Moreover, mangiferin did not increase HL-60 cell resistance to etoposide. To date, this is the first identified natural Nrf2 activator that does not protect cancer cells against a chemotherapeutic agent. Although mangiferin is a well-known antioxidant, the underlying signaling mechanisms are not fully understood. Nonetheless, it has been reported that mangiferin can enhance the expression of many detoxification and antioxidant enzymes, including NQO1, glutathione-S-transferase (GST), superoxide dismutase (SOD), catalase (CAT), heme oxygenase-1 (HO-1), and uridine 5'-diphosphate-glucuronosyl transferase (UDP-GT) [23] [24] [25] [26] . Nrf2-ARE signaling is a major mechanism in the cellular defense against oxidative or electrophilic stress and controls the gene and protein expression of several types of detoxification and antioxidant enzymes [4] . However, it has not yet been documented whether mangiferin relieves oxidative stress by activating Nrf2-ARE signaling. Our results confirmed that mangiferin enhanced the accumulation of Nrf2 protein, increased the binding of Nrf2 to an ARE, and initiated the transcription of the Nrf2 target gene NQO1. These data provided the first evidence that mangiferin activates Nrf2-ARE signaling, a potential explanation for its antioxidant activity.
Chemotherapy-induced oxidative stress is recognized as a major cause of non-target tissue injury, leading to the oxidative damage of proteins (including antioxidant and energygenerating enzymes), lipids, DNA, and larger cellular components (including membranes and mitochondria) [1] . Furthermore, many preclinical and clinical studies have proved that several dietary antioxidants can reduce certain chemotherapyassociated side effects, such as doxorubicin-induced cardiotoxicity, cisplatin-induced nephrotoxicity, and bleomycin- 
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Acta Pharmacologica Sinica npg induced pulmonary fibrosis, but cannot prevent certain other side effects, such as myelosuppression [27] . Interestingly, our previous work revealed that mangiferin reduced etoposideinduced DNA damage in hUCB MNCs via the activation of Nrf2-ARE signaling [28] . A frequent side effect of etoposide is myelosuppression as a result of hematopoietic cell injury. Etoposide can also cause oxidative DNA base damage, which if not repaired can lead to mutagenesis in critical genes and ultimately to such secondary malignancies as leukemia [29] . Thus, mangiferin may protect hematopoietic cells in chemotherapy, possibly reducing myelosuppression or preventing secondary leukemia, which deserves further study.
As mentioned above, a number of previous studies have shown that relieving the intracellular oxidative stress level by activating Nrf2-ARE signaling could relieve chemotherapyassociated non-target injury. However, considering the "dark side" of Nrf2 activators, there is a possibility that mangiferin could protect cancer cells against chemotherapy. Although the mechanism by which Nrf2 affects chemoresistance is not fully understood, recent studies show that Nrf2 silencing [30] . Moreover, it was reported that Nrf2 up-regulates the expression of antiapoptotic Bcl-xL protein and reduces cellular apoptosis, and Nrf2 protein bound to an ARE (antioxidant response element) in the forward strand of the proximal Bcl-xL promoter led to increased Bcl-xL gene expression. Bcl-xL down-regulates the pro-apoptotic protein Bax and decreases caspase activity [31] . These studies suggest that Nrf2 may contribute to chemoresistance by enhancing anticancer drug metabolism, inhibiting apoptosis, or inducing the cell cycle progression in cancer cells.
Interestingly, our results demonstrate that mangiferin neither reduced sensitivity to etoposide nor inhibited etoposideinduced apoptosis in HL-60 cells, even though mangiferin increased the expression of the phase II detoxifying enzyme NQO1. The reason why mangiferin does not have this "dark side" remains unknown. One possible explanation is that, unlike other Nrf2 activators, mangiferin may have direct anticancer activity, as well as different effects on Bcl-xL in leukemia cells. It was recently reported that mangiferin induces apoptosis by reducing Bcl-xL and X-linked inhibitor of apoptosis (XIAP) expression and suppressing NF-κB activation in HL-60 cells [32] . NF-κB is a transcription factor that has been proven to have a critical role in cancer development and progression and to act as a major factor controlling the ability of malignant cells to resist apoptosis-based tumor-surveillance mechanisms [33] [34] [35] [36] . The proven direct anti-tumor effect of mangiferin against breast cancer cells might be associated with the inhibition of NF-κB activity [34] . Moreover, previous studies have shown that NF-κB inhibitors can be used to overcome the resistance to chemotherapeutic agents [32, 35, [37] [38] [39] , and mangiferin has been shown to cause a reduction in NF-κB activation. Mangiferin in combination with oxaliplatin was reported to promote cell apoptosis, thereby improving the efficacy of oxaliplatin in cancer cell lines in vitro [33] . Therefore, these studies suggest that mangiferin may act as a sensitizer to anticancer drugs by inhibiting the NF-κB pathway.
Many natural flavonoids can block cell cycle progression, which contributes to their inhibitory activity in cancer cells [40] [41] [42] . Mangiferin, a type of flavonoid, has also been reported to induce cell cycle arrest at the G 2 /M phase and to increase cell division cycle 2/Cyclin B1 expression in HL-60 cells [43] . Etoposide is a cell cycle-specific anti-cancer agent that can induce apoptosis by inhibiting topoisomerase II and further causing DNA strand breakage at the G 2 phase [44] . Therefore, cell cycle arrest at the G 2 /M phase by mangiferin may contribute to the lack of impairment of etoposide-induced apoptosis and cytotoxicity by mangiferin. In conclusion, the "bright side" of mangiferin mentioned above may counteract the adverse effect as an Nrf2 activator on chemo-sensitivity, which thus masks the "dark side". Moreover, there is another possible explanation for the lack of a mangiferin "dark side". Etoposide-induced oxidative stress can activate the p53 signaling pathway, one of its key anti-tumor mechanisms [45, 46] . However, as HL-60 cells lack wild-type p53 [47] , mangiferin cannot influence p53 activ- by Nrf2-siRNA enhances cisplatin-induced apoptosis and cell cycle arrest in lung cancer cell lines. These effects were considered to be associated with the down-regulation of self-defense genes, including antioxidant enzymes, phase II www.chinaphar.com Zhang BP et al Acta Pharmacologica Sinica npg ity, even though it activates Nrf2-mediated antioxidative responses in HL-60 cells. The lack of an effect of mangiferin on the sensitivity of HL-60 cells to etoposide may be at least partly due to the absence of wild-type p53. In summary, the present study provides the first demonstration that mangiferin activates Nrf2-ARE signaling but does not increase resistance to anticancer drugs in human HL-60 myeloid leukemia cells. Therefore, this newly identified natural Nrf2 activator without a "dark side" may protect only normal cells and not cancer cells. Accordingly, mangiferin may provide a solution for relieving the non-target tissue injury of chemotherapy or preventing secondary malignancies, without compromising chemotherapy efficacy, possibilities that warrant further research. 
